Abstract. Anaerobic ammonia oxidation (Anammox) process is a new nitrogen removal technology, which has prominent advantages such as zero need of organic carbon sources. While lack of organic carbon sources is very common in nitrogen removal by using traditional nitrification-denitrification technology treating municipal wastewater. If the anammox process is applied to treat the municipal mainstream wastewater directly, a revolutionary change might happen in municipal sewage treatment plant. This paper introduces most recent researches of anammox process application in treating municipal mainstream wastewater and the application problems are indicated. The suggestions are proposed for future studies of anammox application in municipal mainstream wastewater treatment.
Introduction
Anaerobic ammonium oxidation (Anammox) process has been recognized as one of the most economical biological nitrogen removal technologies due to its advantages of no need of organic carbon source, high denitrification load, low operation cost and small space occupation [1, 2] . The successful application of anammox technology to municipal mainstream wastewater treatment plant will make a revolutionary change in municipal sewage treatment plant [3] . As Siegrist et al. [4] pointed out anammox technology has resulted in increasing methane production, reducing aeration and achieving energy self-sufficiency in municipal wastewater treatment plant. At present, anammox technology applied in municipal wastewater treatment, mainly faces organic matter, dissolved oxygen, temperature, nitrite and other suppression problems, such as sludge retention and the source of nitrite.
The main application obstacle of anammox in municipal mainstream wastewater treatment
The effect of organic matter. The original purpose of municipal wastewater treatment is to remove COD from water. After that, in order to avoid the eutrophication of receiving water body, further nitrogen and phosphorus removals are needed. As for the traditional nitrification and denitrification process, nitrification is the first step, and then denitrification using COD as electron receptor is followed. However, most CODs are removed at the first step, resulting in the lack of carbon sources for denitrification. Thus, additional carbon sources are usually added during the denitrification stage. Anammox process doesn't need organic carbon sources, which can be replaced by nitrite. However, researches have shown that the presence of COD in wastewater may affect anammox activities, and the organic matter might have a direct negative effect on the anammox process. For example, Chamchoi et al. [5] used anammox reactor to test and found that the anammox activity gradually decreased when the COD increased gradually between 100-400 mg/L. Tan et al. [6] used sugar as carbon source to study the effect of organic compounds on CANON process, and found that when the COD less than 100 mg/L, the aeration flow of adjustment tank 0.6 L/min, there is no effect on the performance of the anammox process. However, when the concentration was increased to more than 100 mg/L, the performance of the reactor tended to be unstable. Therefore, the influent COD should be monitored, and it is recommended that a concentration of less than 150 mg/L to be controlled.
The effect of dissolved oxygen (DO). The DO used in traditional municipal wastewater treatment is generally beyond 2 mg/L. Strous et al. [7] reported that high DO concentration will inhibit the activity of anammox bacteria. When DO concentration of air saturation is 0.5-2.0%, the activity of anammox bacteria will be completely inhibited. The activity of anammox bacteria might be still inhibited at low oxygen (less than 0.5%). Researches show that DO has a negative effect on anammox bacteria, however it is reversible and the activity can be restored when the oxygen is removed. In practice, there will be some aerobic bacteria such as ammonia oxidizing bacteria (AOB) in the anammox reactor, which can reduce the effect of DO on anammox bacteria. The AOB can provide electron acceptor for ammonia bacteria. Therefore, the inhibition of DO to anammox bacteria in municipal sewage can be overcome through DO control combined with the role of AOB.
The effect of temperature. The temperature can affect the activity of the enzyme in the anammox reaction, which affects the biological characteristics of the anammox bacteria. Anammox bacteria are mesophilic organisms, and the most suitable temperature ranges of 30-40˚C [8] . The temperature of municipal wastewater is generally 8-30˚C, which is sometimes lower than the appropriate temperature of anammox process. Cema et al. [9] operated the anammox rotating biological disk at a temperature of 17 ˚C with a TN load of 0.5 kg/ (m 3 •d). In the experiments, it was found that anammox bacteria are still active despite low loads at lower temperatures. Therefore, temperature does not have a significant impact on anammox bacteria at municipal wastewater temperatures, the operational effectiveness can be assured by reducing the nitrogen load on the influent at lower temperatures.
The inhibition of nitrite. A certain concentration of NO2 − -N has inhibitory effect on anammox bacteria, and different researchers can reach agreement. However, it has different conclusions about the range of inhibition and the definitions of inhibition. Some scholars refer to the concentration that the activity begins to decline as the inhibitory concentration, and some scholars define the concentration that the anammox bacterium were completely inhibited. The concentration of TN in municipal wastewater does not exceed 100 mg/L. If using anammox process, it needs to be transformed into a NO2 − -N concentration of lower than 60 mg/L, which is lower than NO2 − -N concentration for the inhibitory concentration of anammox bacteria. Therefore, the concentration of the converted NO2 − -N in municipal sewage will not affect the anammox bacteria.
The types of anammox process One stage. Completely autotrophic nitrogen-removal over nitrite (CANON) process is a single-stage denitrification process, through the control of DO in the short-term nitrification and anammox separation operation, so as to achieve the purpose of denitrification [10] . The principle of the process is that in a single reactor or biofilm, where AOB oxidizes part of NH4 + to NO2 − in micro-oxygen conditions, and anammox bacteria convert the remaining NH4 + and the generated NO2 − in anaerobic conditions to N2. As the AOB and anammox belong to autotrophic bacteria, so exogenous organic matter was not needed in the process of CANON. Compared with the traditional denitrification process, CANON process can reduce about 63% of the oxygen supply and 100% of the carbon source.
The use of CANON to treat municipal wastewater can be carried out from two aspects, using the biofilm process, or using the form of granular sludge. For the latter, Winkler et al. [11] combined aerobic granular sludge with anammox to treat normal-temperature wastewater, and the temperature was limited to (18 ± 3) ˚C. Simultaneous short-range nitrification and anammox could be obtained when the C/N ratio was 0.5 and DO was 1.5 mg/L.
Two stages. Nitrification/anammox process is the most commonly used anammox process in sewage treatment nowadays. In the sewage treatment, it is mainly divided into two stages where reactions are carried out in different reactors [12] . The basic principle is to separate the process of partial nitrification and anammox. First is the nitrification stage, where half of the ammonia nitrogen will be transformed into nitrite nitrogen by autotrophic nitrification. This stage can be controlled by temperature, SRT, pH, DO and other conditions. The effluent NH4 + -N and NO2 − -N ratio is about 1:1, which will be as the influent of anammox reactor. The second is the anammox stage. The ammonia nitrogen and the transformed nitrite nitrogen in the wastewater will be converted to nitrogen by anammox bacteria to achieve the purpose of denitrification. The reactions are shown as follows [13] 
0.5NH4 + +0.5NO2 − → 0.5N2+H2O (2) Compared with the traditional biological nitrification-denitrification, the two stage anammox process has the following advantages:
(1) Nitrification is controlled in the nitrosation stage, which can save about 25% of the gas supply and save power consumption;
(2) Reduce hydraulic retention time and reduce reactor volume and footprint; (3) The denitrification process of the traditional denitrification process needs additional carbon source, but this process does not need external carbon source.
(4) Good sedimentation performance and high biological phase concentration to avoid sludge expansion.
(5) Sludge yield is low, saving sludge disposal costs.
Applications of anammox process in municipal wastewater treatment
Low ammonia nitrogen wastewater. In recent years, many researchers applied the anammox process into low ammonia nitrogen wastewater treatment. Scholars et al. [14] have found that anammox bacteria can enter the underground anaerobic area from the surface of the sea and consume inorganic nitrogen in the Black Sea. Through the observation and study of this natural phenomenon, he boldly made the conjecture that the use of anammox process might be able to react under low ammonia nitrogen environment. Fu et al. [15] also conducted for a period of 165 d of the experiment, after treated by anammox, NH4 + -N removal rate reached 93%, while the NO2 − -N removal rate was as high as 100%. Huang et al. [16] treated ASBBR effluent with low concentration of ammonia nitrogen at a temperature of (30 ± 1) ˚C, nitrogen load of 0.025 kg/(m 3 •d) and the combination of fillers as biological carriers. After 51 days, the anammox reactor was started. The effluent NH4 + -N and TN were 2.9 mg/L and 5.06 mg/L, respectively, and the average TN removal rate was 84.2%. Hu et al. [17] adopted the integrated partial nitrification anammox process. The original SBR (5L) was operated at 25 ˚C, the start-up period was 12 days. The reactor was operated steadily for more than 300 days under this temperature condition. No nitrite accumulated and NRE exceeded 90%. At the same time, the study also proves that the sludge of high load reactor can be used as inoculation sludge for the anammox reactor of low temperature and low ammonia nitrogen municipal sewage. The experimental results above verify the feasibility of the anammox process in the application of low ammonia nitrogen waste water.
High ammonia wastewater. At present, the applications of anammox process are mainly in the treatment of high ammonia nitrogen wastewater. Applications of anammox process for high ammonia nitrogen wastewater treatment, are mainly in the following two aspects. The first is sludge digestion treatment. van Dongen et al. [18] first studied the feasibility of partial nitrification/ anammox process for treating digested sludge supernatant from Dutch Dokhaven Sewage Treatment Plant. A significant denitrification rate of over 80% was obtained. Fux et al. [19] also used two stage anammox process treating digestor in pilot scale in Switzerland. By using a SBR of 1600 L, influent ammonia nitrogen of 620-650 mg/L, the pH of 7.3-7.5, the temperature of 26-28 ˚C, the nitrogen load rate (NLR) was up to 0.65 kgN /(m 3 • d), and the nitrogen removal efficiency (NRE) reached 92%. The sludge production was almost zero during the study. Based on the above results, the researchers enlarged the reactor directly and built the first full-scale anammox process in the world, which has been officially operated at Dokhaven Sewage Treatment Plant in 2002. The volume of the anammox reactor is 70m 3 and the treating capacity is 750 kgN/d [20] .
The city produces a lot of rubbish every day, and if these rubbish landfills for a long time, a kind of high ammoniacal permeate will generate. The imbalance between carbon and nitrogen is caused by long time digestion, which also leads to a high ammonia nitrogen wastewater difficult to deal with. Liang et al. [21, 22] used the nitrification/anammox/soil infiltration process to treat the landfill leachate in municipal solid waste landfill site. After 166 days of operation, the average removal rates of NH4 + -N, TN and COD reached 97%, 87% and 89% respectively, which fully proved the feasibility of the combined process, and anammox contributed to degradation of humic acid in landfill leachate. Liu et al. [23] used nitrification/anammox process to deal with the diluted landfill leachate anaerobic effluent. The operation was stable for 70 days, which is NH4 + -N and NO2 − -N removal rate remained above 93%.
Prospect
Applications of anammox process, such as nitrification/anammox and CANON are continued to be developed and had more opportunities for application. However, there are still a lot of issues, which need to be solved and might come out new problems during the process in application. For example, the temperature influences the activity of bacteria anammox. Scale-up of anammox reactor should be carried out due to rapid start-up and influence mechanism. Effects of organic carbon source on anammox strains should be further investigated. The effects of nitrogen and carbon removal by anammox and denitrification should be studied. As for seed sludge, the use of cultivated sludge can reduce the start-up period. Also, by using the form of particles such as sludge or biofilm, sludge retention can be improved, which is very promising. At present, the biggest difficulty of municipal mainstream wastewater application is how to achieve partial nitrification and stable operation. DO control is essential in partial nitrification. Comparing with two stage anammox process, CANON is deemed as more conducive by using granular sludge or biofilm. If the above mentioned problem can be solved, the application of anammox process in treating municipal wastewater will surely have a bright future.
